Large-area three-dimensional Penrose-type photonic quasicrystals are fabricated through a holographic lithography method using a lab-made diffractive optical element and a single laser exposure. The diffractive optical element consists of five polymer gratings symmetrically orientated around a central opening. The fabricated Penrose-type photonic quasicrystal shows ten-fold rotational symmetry. The Laue diffraction pattern from the photonic quasi-crystal is observed to be similar to that of the traditional alloy quasi-crystal. A golden ratio of 1.618 is also observed for the radii of diffraction rings, which has not been observed before in artificial photonic quasicrystals. 
Introduction
Photonic crystals have been intensively studied due to the existence of photonic bandgaps in the crystal. Their periodically varying refractive indices can prevent the propagation of electromagnetic waves with certain wavelengths [1, 2] . The anisotropy of a photonic bandgap depends on the symmetry of the photonic crystal lattice. With high lattice symmetries, the first Brillouin zone becomes more circular and the stop-band in all directions overlaps to form a complete photonic bandgap [3, 4] . In traditional photonic crystals, two-, three-, four-and sixfold rotational symmetries are allowed, however, five-, seven-and higher-fold rotational symmetries are forbidden. It has been shown that photonic quasi-periodic crystals (or called quasi-crystals) have higher rotational symmetries (five, seven, and all high-fold symmetry) and thus more isotropic bandgaps leading to more interesting wave propagation properties than traditional photonic crystals [3, 4] . It has been demonstrated experimentally that a complete photonic bandgap can be realized in quasi-periodic lattices of small air holes in materials of low refractive index such as silicon nitride and even glass. This property can enable coupling of light from quasi-crystal device to optical fiber with low optical coupling loss [3] .
In the last decade, several elegant techniques have succeeded in fabricating threedimensional (3D) photonic crystals, such as conventional multilayer stacking of woodpile structures using semiconductor fabrication processes [5] , colloidal self-assembly [6] , multiphoton direct laser writing [7] , and holographic lithography [8] . However, some traditional fabrication techniques, such as self-assembly of microspheres and layer-by-layer fabrication, are prohibitive for the fabrication of photonic quasi-crystals. Multi-photon lithography and stereolithography have demonstrated capabilities in the fabrication of 3D icosahedral quasicrystal but are limited by the large processing time required [4, 9] . Holographic lithography has been very successful in fabricating photonic crystal templates through multibeam interference controlled by the number of interfering laser beams, their interfering angle and relative phases [8] . Holographic lithography has also been used for the fabrication of photonic quasi-crystals [10] [11] [12] [13] [14] . 3D icosahedral photonic quasicrystals are formed via sevenbeam interference with five beams five-fold-symmetrically surrounding two oppositelypropagating beams [13, 14] . The single optical element (such as prism [14] or phase mask [15, 16] ) based holographic lithography has greatly reduced the optics setup complexity and improved the mechanical stability for the micro/nano-fabrication of photonic structures. Through the holographic lithography, the interference pattern is usually recorded in a photosensitive resist which has a low index of refraction. The photonic quasicrystal template in polymer can be converted into high refractive index materials such as silicon to have a photonic band gap in crystal. The template can be infiltrated at room temperature with SiO 2 and burned away, leaving behind a daughter "inverse" template [17] . Then, the daughter template is inverted by infiltration with silicon and selective etching of the SiO 2 [17] .
In this paper, we demonstrate the laser holographic fabrication of 3D Penrose-type photonic quasicrystal templates using a lab-made diffractive optical element (DOE) with five gratings orientated five-fold symmetrically. The adaptation of a single DOE to holographic lithography drastically reduces the fabrication complexity. The Laue diffraction pattern from the fabricated photonic crystal shows a pentagon-shaped ghost-face like pattern and a golden ratio of 1.618, which have not been observed before in 3D artificial photonic quasi-crystals. 
Lab-made diffractive optical element and theoretic description of holography
Figure 1(a) shows a scheme of a single DOE consisting of five gratings produced by recording gratings in a photosensitive mixture. A low power laser (Coherent Compass, 532 nm, 60 mW) was used in order to control the exposure condition and thus to obtain high diffraction efficiency. The laser beam was expanded to a size of 5 mm and separated into two by using a 50:50 beam splitter. Two laser beams overlap and form grating in the mixture. The photoresist mixture consists of dipentaerythritol penta/hexaacrylate monomer (88.5%), photo initiator rose bengal (0.2%), co-initiator N-phenyl glycine (0.8%) and chain extender N-vinyl pyrrolidinone (10.5%). The mixture was spin-coated on a microscope glass slide with a speed of 3000 rpm for 2 minutes to produce a thin film. The glass slide was mounted on a rotation stage. The rotation stage was mounted such that the overlapped beams that make up the exposure spot were 5 mm away from the rotation center. The glass slide was rotated by 72 degrees for each successive exposure until a total five gratings were produced. The exposure time was 2 seconds for each exposure. After exposure, the photoresist mixture was developed directly in propylene glycol methyl ether acetate (PGMEA) for 20 s, followed by rinsing in isopropanol for 10 s and air drying. The size of single fabricated grating is approximately 5 mm in diameter and the grating shows uniform colors under a white light. 
The wave vector difference Δk can be considered as reciprocal vectors of holographically formed structures [10, 11] . The Δk between the five side beams can be described in Eq. (4) 
This Δk n is the reciprocal vector for the Penrose quasi-crystal in the x-y plane. After considering k 0 , these six beams form 3D structures while the periodicity in z-direction is determined by k 0 -k n .
Experimental results and discussion
As shown in Fig. 2(a) , the 514.5nm laser beam from an Innova Sabre Ar ion laser (Coherent Inc.) was circularly polarized by a quarter wave-plate, spatially filtered, expanded and collimated. The DOE was mounted before the sample. The DOE produced six-beam interference for the holographic fabrication of the quasi-crystal as shown in Fig. 2(b) . The five gratings have a first-order diffraction efficiency of 34.9%, 36.9%, 35.1%, 37.1% and 35.0%, respectively. The same photosensitive mixture as the one in previous section was used. The spin-coating speed was 1000 rpm and the sample thickness was around 10 μm. A laser power of 500 mW was used with an exposure time of several seconds. After the exposure, the sample was developed in PGMEA for six minutes, typically. A magnetic bar with a speed of 60 rpm was used to stir the PGMEA developer. Finally the sample was washed with isopropanol for 20 seconds and left to dry in ambient air. The developed sample had a size of approximately 4.5 mm in diameter. The edge of the sample was thinner than the central area as observed under an optical microscope. The central area with a size of around 3.5 mm in diameter was homogeneous as determined by scanning the 532 nm laser cross the sample and observing the diffraction pattern from the sample. The diffraction pattern from the central area of the sample showed not only high rotation symmetry but also detailed fine structures as discussed later in the section. The diffraction from the edge part of the sample did show the high rotational symmetry however detailed fine structure disappeared. Figure 3 (a) shows an SEM of photonic quasi-crystal fabricated by exposing the photosensitive mixture to the six-beam interference. A simulation is overlaid in the SEM for comparison and fits the SEM very well. Local five-fold symmetry is clearly observed as there are many pentagons in the SEM. For eye guidance, four pentagons were drawn in the figure with two of them around a common vertex. This five-fold symmetry is incompatible with translational crystallography. Surface undulations are apparent in Fig. 3(a) , which might be caused by uneven laser beam intensities diffracted from gratings with different heights in Fig. 1(c) . Figure 3(b) shows an enlarged SEM view of the photonic quasi-crystal fabricated through the six-beam interference. Three-dimensional structures and ten-fold symmetry are obvious. The large-area SEM structures can be constructed 10-fold symmetrically by a small block with five-fold symmetry (represented by a small circle for simplicity). Ten magenta light-line circles can represent structures inside the large magenta circle. Outside the large magenta circle, ten small magenta circles can represent the structure next to the large circle. The diameter of the small circle is measured to be approximately 1 micron. The refractive index of the photosensitive mixture is estimated to be 1.5. The size of the circle due to the first order reciprocal vector Δk n is calculated to be 0.997 micron, which is very close to the measured value. SEM cross-section view of the fabricated photonic quasi-crystal is shown in Fig. 3(c) and theoretic simulation is shown in Fig. 3(d) . The SEM in Fig. 3(c) was taken in a flip-over sample with photonic structures developed through 10 μm thickness down to the glass substrate. The sample close to the substrate looks over-exposed due to the backreflection of laser beams from the glass substrate surfaces. Photonic structures in z-direction are determined by k 0 -k n and periodic in z-direction [12] as shown in Fig. 3(d) . The periodicity is λ/(1-cosα) and is calculated to 2.08 micron. The measurement is performed in areas which appear to be in vertical direction to the surface in Fig. 3(c) . The measured periodicity is 1.99 micron. The smaller measured value than that calculated might be due to the shrinkage of the sample. Figure 4(a) shows the Laue diffraction pattern [18, 19] from the photonic quasi-crystals in wholly patterned samples on the glass substrate, using the Coherent Compass 532 nm laser. The diffraction pattern is formed on a white paper behind the quasi-crystal and the digital image is taken behind the white paper. The size of the spot is a measure of the diffraction intensity. The ten-fold symmetry is clearly shown in the diffraction pattern, which is typical for Penrose or icosahedral quasicrystals [9] [10] [11] 18, 19] . The diffraction pattern can be explained by the first and second order reciprocal vectors as drawn in Fig. 4(b) [10, 11] . The five wavevectors for the five side beams are arranged five-fold symmetrically around the central wavevector k 0 . Several pentagons have been drawn in Fig. 4(a) for eye-guidance and, actually, are similar to the pentagon arrangement in Fig. 4(b) . The high-intensity diffraction spots are formed due to the first order reciprocal vectors such as k 1 -k 2 [10] . Five low-intensity diffraction spots are surrounded by the high-intensity spots and form pentagons (see ghostface in Fig. 4(a) ), due to the second order reciprocal vectors such as k 1 -k 3 and k 2 -k 4 (see Fig. 4(b) ) [10] . The diffraction pattern from the fabricated photonic quasi-crystal is similar to the one obtained in quenched alloy quasi-crystals with icosahedral structure [18, 19] , and also in agreement with the calculated diffraction pattern from the icosahedral photonic qusaicrystal [9] , although the structure is formed through six-beam interference instead of seven-beams [13, 14] . Their diffraction intensity distributions are also similar [18, 19] . Seen away from the zero-th order diffraction, there are ten spots forming first, second and third rings, respectively. The ratio of radii of the third and second rings to the first ring is measured to be 2.6 and 1.6, respectively, which are very close to the ratio of 1 + 1.618 and 1.618 where 1.618 is golden ratio of
The golden ratio is a characteristic of Penrose or icosahedral quasi-crystals and thus the observation of a golden ratio demonstrates the high-quality of fabricated photonic quasi-crystal [9, 11, 13, 14] . 
Summary
In summary, we demonstrated a holographic fabrication of a large-area 3D Penrose-type photonic quasicrystal using the lab-made DOE. The DOE was fabricated through two-beam interference in a polymer and consisted of five polymer gratings rotationally orientated symmetrically around a central opening on a glass slide substrate. The five first-order diffracted beams and the central beam formed the interference pattern for a single-exposure based recording of the photonic quasi-crystal in a polymer. The use of the DOE for the holographic lithography has greatly improved the optics alignment accuracy and mechanical stability. High quality 3D photonic quasicrystals have been fabricated with ten-fold symmetry in the x-y plane, similar to a Penrose quasicrystal. The Laue diffraction pattern from the 3D photonic quasi-crystal was observed to be similar to the traditional alloy quasi-crystal and a golden ratio of 1.618 was also observed for the diffraction rings, which has not been observed before in 3D artificial photonic quasi-crystals. The photonic quasicrystal in polymer can be double inverted to silicon structure for the opening of the photonic band gap.
